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Abstract

A simple implementation of the stroboscopic optical box-
car technique for determining intensity profiles of repeti-
tive nanoseconds light pulses is presented. The device,
implemented with standard components and a 1P28 pho-
tomultiplier tube, can be used for fluorescence decay mea-
surements with subnanosecond time resolution.

The time profile measurement of short light pulses usually
requires advanced detectors, such as fast photomultipliers
based on microchannel plates, or fast photodiodes, which
should be used with large bandwidth oscilloscopes. We pre-
sent here an alternative device based on the stroboscopic opti-
cal boxcar (SOB) technique.r Using a 1P28 phototube and a
simple HV switch circuit, it is possible to get the time profile
of repetitive light pulses with subnanosecond resolution.

In the SOB technique, as in any stroboscopic tech-
nique, the signal is obtained recording the intensity mea-
sured during a very narrow temporal window and the time
delay at which the measurement was made. Thus, this tech-
nique requires a synchronous trigger signal with an
adjustable delay and a detector with a gate time shorter
than the characteristic time of the signal to be measured.

For this device we used a PMT with a polarization circuit
madified to generate the required gate effect. The polarization
of the dynodes is produced by an electrical pulse of steep neg-
ative slope traveling along a transmission line that intercon-
nects the PMT’s dynodes. The transmission line introduces a
time delay on the arrival of the electrical pulse to each dynode
and produces a transient interdynode voltage difference. The
interdynode voltage varies with time depending on the posi-
tion of the polarizing pulse in the transmission line. Initially,
when the pulse has only arrived to the photocatode, the volt-
age between the photocatode and the first dynode increases
with the rate of the polarizing pulse. Then, if the transit time
of the HV pulse traveling between dynodes (t,) is shorter
than the pulse rise time (T), the edge of the pulse will reach
the first dynode while the voltage at the photocatode is still
increasing. As long as the pulse voltage augments in both elec-
trodes simultaneously, the accelerating voltage will remain
constant at its maximum value Et, /T, where E is the polariz-
ing pulse peak value. Finally, when the pulse at the photoca-
tode reaches its peak value, the accelerating voltage starts to
decrease and eventually becomes null. The same cycle occurs
at the subsequent stages, but with a time shift corresponding
to a pulse transit time between stages.

The transient interdynode voltage, traveling through
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Ficure 1. Block diagram of the 30B
method implementation. e

the dynodes, accelerates the photoelectrons from one dyn-
ode to the other and generates simultaneously a strobe effect
on the photoelectrons. Electrons with flying times
(t;) similar to the electrical pulse traveling time, will find a
favorable polarization sequence and be the main contribu-
tors to the final signal. Those electrons with t; different from
t, make no contribution to the final signal because they
donot find the appropriate polarization in the amplification
stages to be accelerated from one dynode to the other.

The flying time of the electrons between dynodes
depends on the interdynode voltage, which is a function of
the pulse peak value,its rise time,and the interdynode trav-
el time. To evaluate the effective duration of the detection
window (1,) produced by the HV pulse in the PMT, we
considered that the successive dynodes are active only dur-
ing the time of maximum voltage difference. With this consid-
eration T, is:

t, <t

= {T—(n—l) t + (n-2)t,
" T+ (n-1)t —nt, t>t

where T is the HV pulse rise time, n is the number of dyn-
odes, t; is the flying time of the electrons between dynodes,
and t, is the travel time of the HV pulse between dynodes.
The duration of the detection window T, increases for
transit times shorter than the flying time and decreases for
transit times longer than the flying time. It reaches the max-
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imum value when both times are equal (t, = t;),that is when
the polarization pulse and the photoelectrons travel syn-
chronously along the dynodes.

Figure 1 shows a block diagram of the method imple-
mented for fluorescence lifetime measurement. The laser
provides the excitation pulse and also generates the master
trigger signal for the measurement process. The master trig-
ger fires the pulse generator circuit (PGC), which provides
the HV pulse to be injected in the interdynode delay line
(IDL). The delay between dynodes introduced by the IDL
can be adjusted to get the desired gate duration in the PMT.

To start the measurement, the delay is set to a value so
that the HV pulse reaches the PMT just before the light
pulse arrives at it. The measurement process consists of
recording the output signal in the PMT simultaneously
with the time delay between the polarization pulse and the
excitation. Varying the time delay, the signal under study is
completely scanned.

The curve obtained plotting the PMT output as a func-
tion of the time delay corresponds to the convolution of the
light pulse profile with the profile of the temporal window
of the strobed detector. The temporal profile of the light
pulse can be retrieved from this curve.

Figure 2a is a schematic of the HV PGC we have used
for this device. It is a one stage avalanche transistor circuit? 3
that provides a pulse of great stability and low jitter. In this
circuit the transistors act as very fast switches that discharge
in less than 3 nsec the capacitor charged at 650 V. The 192
V/nsec slope HV pulse provided by the circuit (see Fig. 2b)
presented a measured jitter of less than 100 psec and no
appreciable peak voltage variation.

We have determined the interdynode delay of the IDL
(see Fig. 3) based on the corresponding T, function for a
1P28 PMT (n =9) polarized with a 424V, 2.2 nsec rise time
pulse. We tested the device adjusting the effective gate time
duration to its largest value—800 psec—setting a delay of a
1.45 nsec. The transmission line of the IDL was made using
a 50 Q coaxial cable.

The RC in the anode provides an integration network to
obtain a constant output level proportional to the light signal
at this particular delay time. This constant voltage level can
be measured with a slow time response voltmeter, thereby
avoiding the necessity of large bandwidth oscilloscopes.
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Ficure 3. Interdynode delay line (IDL) for a 1P28 PMT. The HV pulse travels along

the line with transit time t, between dynodes.

The 1P28 was mounted on the same circuit board as
the HV pulser circuit.A compact layout was used to achieve
fast pulses avoiding parasitic inductances. The 50 Q lines
used as IDL were included in the same board, keeping a
very compact configuration.

We tested the system with the output pulse of a Q-
switched Nd:YAG laser. This pulse presents a three-peak
structure, each with a 3 nsec FWHM. Figure 4 shows the
experimental data obtained for SOB’s rise flank of the pulse
compared with the signal acquired using an ultrafast pho-
todiode and a digital oscilloscope in sampling mode, with
an overall time resolution of 200 psec. The data obtained
with the SOB detector follows the shape of the laser pulse
showing the internal structure clearly.

In conclusion, we found that the stroboscopic optical
boxcar technique is a simple and inexpensive alternative to
obtain subnanosecond time resolution. This method makes
use of low-cost and “off the shelf ” electronic components.
It does not require fast photomultiplier tubes or wide band-
width oscilloscopes to determine temporal profiles of repet-
itive nanoseconds light pulses. It is particularly useful for
high repetition rate light signals. The HV pulser we have
developed based on an avalanche configuration shows high
stability, negligible jitter, and good performance.
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Pyroelectric Trap Detector for Spectral Responsivity Measurements
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Abstract

We have designed and built a pyroelectric optical detector for
use as a transfer standard for the calibration of optical power
meters. The pyroelectric element is made from lithium tanta-
late (LiTaO,). Gold black is used as the optical absorber in a
multiple reflection wedge-shaped trap structure, with a 5-
mm diameter input aperture and an /4 field-of-view. The
detector’s spatial responsivity varies less than 1%. The
responsivity as a function of wavelength varies less than 1%
over a range from 0.45-1.55 pm and less than 4% from
1.55-10.6 pm. The measured noise equivalent power (NEP)
is 5x108 W/Hz2, For this wavelength range and detector
area, the measured NEP and spatial uniformity represents a
significant improvement over comparable predecessors.

Pyroelectric detectors that are designed for radiometric
applications typically demonstrate spatial uniformity varia-
tions of £2%, NEP ranging from 107 W/Hz%2 (no win-
dow) to less than 108 W/HzY/2 (small area,sealed container
with a window), and a wavelength sensitivity ranging from
the visible to beyond 10 um. Despite years of development
and commercial success, these numbers do not represent
the theoretical performance limits for pyroelectric detec-
tors. Although we have not yet reached the theoretical limits
of performance, we have achieved a design compromise
that optimizes those detector properties that are important
for high accuracy spectral responsivity and absolute power
measurements.

Detector design considerations

Our first design compromise forced a choice between detec-
tor sensitivity, spatial uniformity, and the practical matter
of fabricating the pyroelectric detector element. The pyro-
electric element chosen for this design is a 20-mm diameter,
250-um thick, LiTaO, electret that is poled perpendicular to
the faces. The faces are polished to a specification of less
than 40/20 scratch/dig and parallelism of 2" or less. The
LiTaO, electret is coated on each face with nickel electrodes
that are 25-nm thick.

If a pyroelectric detector is constructed using an elec-
tret that is perfectly flat and has a perfectly uniform thick-
ness, then the responsvity over the entire area of the detec-
tor will be uniform. Since the pyroelectric current output is
inversely proportional to electret thickness,thinner electrets
will produce higher electrical currents for a given optical
input.l Although we can obtain a greater current responsiv-
ity using a thinner electret, a geometrically flat and uni-

formly thick electret becomes more difficult and expensive
to fabricate as the thickness decreases.

In addition to high optical sensitivity and uniform spa-
tial responsivity, a detector with a broad and uniform spec-
tral responsivity is desired. We achieved this by depositing
gold black on one side of the nickel-coated electret and plac-
ing it into a wedge-shaped optical trap structure. The goal of
this trap structure is for all the radiation passing through the
detector aperture to be absorbed by the gold black coating. A
cross section of the wedge-trap is shown in Figure 1. The
trap has a 5-mm diameter aperture and an f/4 field-of-view.
Light entering the trap intersects the electret at an incidence
angle of 52°. A gold mirror, situated opposite the electret at
an angle of 15°, reflects radiation not absorbed by the pyro-
electric element back onto the absorber.

The optical trap geometry is based on the input radia-
tion achieving three specular reflections from the gold mir-
ror and up to four specular reflections from the gold black.
Published data shows that gold black coatings diffusely
reflect less than 1% of incident radiation over a spectral
range from the ultraviolet to 15 pm.2 3 We have been
unable to deposit a gold black coating that is highly absorb-
ing for wavelengths beyond 2.5 um onto LiTaO,. Our mea-
surements show that, from 2.5 um to 10 pum, the reflection
gradually becomes more nearly specular and increases to as
much as 15%. At shorter wavelengths such as 633 nm,
reflectance from the gold black coating is diffuse and small.*
If we assume that the gold mirror is a perfect reflector and
that the gold black coating is specular, the gold black coat-
ing may have a coefficient of absorptance as low as 85% and
still achieve a total absorptance greater than 99.5%. Overall,
we expect the detector’s relative spectral responsivity to
decrease from 99.9% at 2.5 um to 99.5% at 10 um because
the gold mirror is not a perfect reflector and will absorb as
much as 0.5% of the radiation reflected by the gold black
coating at wavelengths beyond 2.5 um.
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Ficure 1. Wedge-trap configuration with ray tracing lines inside the trap
cavity.
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FIGURE 2. Relative spectral responsivity of wedge-trap detector.

Measurements

To measure spatial uniformity, the collimated light from a
laser diode operating at a wavelength of 674 nm was used as a
probe and focused at the aperture plane to a spot diameter
less than 300 um. As the laser probe beam was scanned across
the detector’s aperture at equally spaced, 250 pm intervalsthe
detector signal was sampled and recorded. Repeated measure-
ments show that the detector responsivity is within £0.5% of
the average value and has a standard deviation of less than
0.15%. Using light at normal incidence, we have also mea-
sured comparable spatial uniformity for this type of LiTaO,
pyroelectric detector not mounted in a trap configuration.

Next we compared the spectral responsivity of the
wedge-trap LiTaO4 pyroelectric detector to a hemispherical
trap polyvinylidine fluoride (PVF2) pyroelectric detector.*
Data was obtained at several wavelengths from 674 nm
through 10.6 pm using various light sources and a sodium
chloride prism monochromator having 20-nm resolution.
Figure 2 shows the spectral responsivity of the wedge-trap rel-
ative to the hemispherical trap. The data was normalized to 1
at 674 nm, and the error bars indicate the standard deviation
of data acquired for each wavelength. The standard deviation
varies because the optical efficiency of the measurement sys-
tem (i.e., prismsmirrors, lamps) varies as a function of wave-
length and appears relatively large because of the limited sen-
sitivity of the hemispherical trap. The results indicate that the
spectral responsivity variation of the wedge-trap detector is
less than 2% over this wavelength region. The accuracy of the
measurement system is limited by the monochromator per-
formance and by the accuracy of the hemispherical trap,
which together limit the uncertainty to +2%.

We have also compared the wedge-trap detector to a
NIST reference laser calorimeter and a commercial electri-
cally calibrated pyroelectric radiometer (ECPR). Using laser
sources with wavelengths ranging from 488-1550 nm, we
have found agreement to be within 1%, with an estimated
measurement uncertainty of +0.5%.5

from a few microwatts to a few hundred microwatts. We
have applied 1 W without damage to the pyroelectric crys-
tal. However, the damage threshold for the gold black coat-
ing places an upper limit of 0.2 W/cm? on the allowable
irradiance. The measured absolute detector responsivity
was about 3x10°8 A/W.

The measured NEP of the wedge-trap detector was
5x10-8 W/HzY2, Using the input noise current of
0.5x10"15 A/HZ2, specified by the amplifier manufacturer for
an amplifier feedback resistance of 1x1012 Q, we calculated
the expected NEP to be 1.7x10® W/HzY2, Therefore, the mea-
sured 5x108 W/HzY/2 is approaching the limit imposed by the
best commercially available current amplifiers. The value of
the measured NEP is nearly one tenth that of our existing ref-
erencc?1 pyroelectric detectors used for relative spectral respon-
sivity.

Conclusion

The performance of the present device represents a factor of
5 to 10 improvement in spatial uniformity over other large
area pyroelectric detectors that have a broad and uniform
spectral responsivity from 450 nm to 10 um. In addition the
NEP represents a factor of 10 improvement for pyroelectric
detectors we have made with comparable active areaspatial
uniformity, and spectral responsivity. The goal of our future
work will be to reduce the NEP below 5x10-8 W/HzY2 while
maintaining the spatial and spectral uniformity over a larger
detector area. In addition, the pyroelectric wedge-trap detec-
tor will be useful for improving our spectral responsivity
measurement system capability.
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